ABSTRACT This paper concerns with a relay-aided massive multiple input multiple output (MIMO) cellular network. The exact closed-form expressions of both spectral efficiency (SE) and energy efficiency (EE) are obtained for downlink single-cell multi-user multi-relay massive MIMO transmission in the pilotcontaminated regime, where the number of users is larger than the pilot sequence length. Based on the theoretical results of SE and EE, we investigate the effects of some system parameters [such as number of antennas at the base station (BS), transmit power at the BS, and transmit power of each relay station (RS)] on system performance, and achieve the tradeoff between SE and EE by power control. Specifically, the tradeoff problem is solved by joint optimization over transmit power P of the BS and transmit power p r of each RS, so as to maximize EE while satisfying the SE requirement. With the proposition that EE function is strictly quasi-concave with either P or p r , we propose two optimization methods: 1-D searching and alternate optimization. Comparatively, the former achieves a better performance, while the latter has a lower complexity. Simulation results validate the effectiveness of the two methods.
I. INTRODUCTION
With the application of 4G worldwide, researches and development of 5G is now in full swing. Predictably, massive equipment communication, the proliferation of multifarious new service and application scenario will lead to the explosive growth of mobile data traffic, which would require spectral efficiency (SE) to be greatly increased [1] . Meanwhile, energy consumption issue of mobile communication industry is increasingly prominent [2] , [3] . In response to green communication and a sizable boost of terminal battery life, 5G should be supportive of lower power consumption [4] . Compared with 4G, 5G has to significantly improve SE, energy efficiency (EE), and cost efficiency (CE) to achieve sustainable development. Specifically, it asks for 5∼15 times more SE and a hundredfold more EE and CE.
As a key enabling technology of 5G, massive multiple input multiple output (MIMO) has huge advantage on SE, EE, and robustness compared with traditional MIMO systems [5] . In massive MIMO systems, pilot contamination is often viewed as the ultimate limiting factor of SE which deserves significant attention [6] - [10] . According to [8] , to have high user experience rate and system capacity in hot spots, the rich high frequencies will be used in 5G. High frequency means high path loss, however. Relay technology can effectively reduce the path loss between transmitter and receiver through cutting a long transmission path into a few short paths, and improve coverage area of the system and cell edge users' transmission rate [2] . In order to achieve complementary advantages, taking relay technology further in massive MIMO systems is able to accomplish the deep mining of space dimension resources, and then greatly improve SE, EE, and transmission reliability.
SE is defined as the number of bits transferred per bandwidth. While EE is usually defined as the ratio between transmission rate and total power consumption, and it is affected by many factors such as (just to name a few) SE, power consumption model, and network architecture [2] . As pointed out in [2] and [3] , EE and SE are two important performance measures whose trends are not always consistent. There is often a tradeoff relationship between the two. To balance the two measures in the design of cellular systems, the relationship between them should be studied.
There have been several contributions concerned with the above issue. In [11] , based on radiated power alone, SE and EE for the single-cell scenario in the uplink of a massive MIMO system were studied, which concluded that a proper number of antennas at the BS can improve SE and EE simultaneously. A realistic power consumption model which includes circuit power was introduced in [12] , on it the EE for the downlink of a multi-cell massive MIMO system was analyzed. It showed that EE is a quasi-concave function of the number of antennas. However, simulation results about the optimal number of antennas were merely given in this paper. In [13] , the author focused on the impact of transceiver power consumption on the EE in the uplink of a massive MIMO system under the assumption that the channel state information (CSI) is completely known at transmitter. The effects of number of antennas M and number of users K on EE maximization were analyzed with given SE. Also with perfect CSI, the tradeoff relationship between SE and EE of an uplink massive MIMO-OFDM system was built in [14] , which gave insights into the suitable parameter option to achieve the optimal EE. Pilot contamination was considered in [15] , where area SE and area EE of an uplink multi-cell massive MIMO system were investigated in case of uniform distribution of active user equipments (UEs). It is helpful to the design of number of antennas at the BS and UEs.
As for relay networks, the tradeoff between SE and EE were given in [16] and [17] . The former achieves the tradeoff through maximizing the EE while satisfying the SE requirement for three different transmission strategies, and shows that relay transmission with/without a direct link does not always outperform noncooperative transmission. The latter introduces a tradeoff factor into the joint SE and EE maximization problem, and solves it by power allocation. There is only a minimal amount of works on applying massive MIMO into relay networks by far [18] - [20] .
To the best of authors' knowledge, little existing literature has concerned with relay-aided massive MIMO cellular networks. Along this line, in this paper, we find ways to combine massive MIMO and relay technology organically, and analyze the impact of pilot contamination on this new communication scenario, aiming to provide insights on system design and optimization. The main contributions of this paper are as follows:
1) By taking advantage of the merits of both the relay and the massive MIMO technologies, we develop a relayaided massive MIMO system, which performs efficient for practical scenario, but has not been concerned by the existing contributions.
2) Unlike many aforementioned works which ignored pilot contamination in the single-cell scenario, in this paper we derive the closed-form expressions of system SE and EE for downlink single-cell multi-user multi-relay massive MIMO system in the pilot-contaminated regime, and characterize the impact of pilot contamination on system performance.
3) With a realistic power consumption model, we investigate the effects of some system parameters on SE and EE under different system design goals: we provide a useful guide to antenna deployment at the base station (BS) for relay-aided massive MIMO system under EE maximization. The SE-EE tradeoff is formulated as an optimization problem which takes into account the constraints of maximum transmit power of both the BS and relay stations (RSs), and the minimum signal-to-interference-plus-noise ratio (SINR) requirement of all UEs, so as to maximize the EE. We prove that EE is strictly quasi-concave with the transmit power of P or the transmit power of each RS p r . Based on it, joint optimization over P and p r is solved by an 1-D searching (ODS) method and an alternate optimization (AOP) method. Results validate the effectiveness of the two methods.
Notations: R represents real number, C represents complex number, vectors are denoted by italic lower case x, matrix is denoted by upper case bold A, . p represents p-norm (.) 
II. SYSTEM MODEL
Consider a single-cell multi-user multi-relay massive MIMO system, as shown in Fig. 1 , where the BS is equipped with M antennas, together with N single-antenna relay stations, serving K single-antenna users. In this paper, two-hop relay is considered, and decode-and-forward (DF) and amplifyand forward (AF) protocols are employed in the uplink and downlink, respectively. Each RS can only communicate with one user, and the BS can simultaneously communicate with all users. Users connect to the BS or a RS using the nearby principle. With time division duplexing (TDD) operation, the BS obtains the downlink CSI through uplink training. Then the acquired CSI is used to generate maximum ratio transmission (MRT) precoding matrix for downlink spatial multiplexing. We assume that either the uplink training or downlink transmission comprises two time slots due to the half-duplex operation of relay nodes, and transmission between each node are synchronized.
A. UPLINK TRAINING
In the first time slot of the uplink training phase, the N users assisted by relays transmit pilot sequences to their respective relays. In the second time slot of the uplink training phase, the N relays first decode the received pilot signals correctly and then forward them to the BS. If K > N , direct transmission is employed for the remaining K-N users. For the direct users, in the uplink training phase, they only transmit their respective pilot signals in the second time slot. This facilitates the description of the signal transmission process in the uplink training phase. Here, pilot sequence transmitted by the i-th user is denoted as φ i ∈ R τ ×1 and φ i 2 = 1.
is the pilot sequence set. The correlation between training sequences of two terminals takes either 0 or 1 which can be expressed as
The pilot signal synchronously received at the BS can be expressed as
where P = diag p 1 p 2 . . . p K denotes the pilot power matrix of K terminals, H=GD 1/2 ∈ C M ×K is the K ×M channel matrix between the BS and K terminals, where D=diag β 1 β 2 . . . β K represents the large-scale fading. Here K terminals include K-N direct users and N relays, for notation simplicity. As shown in [21] , the large-scale fading is modeled as
k , where the constant d 0 > 0 regulates the channel attenuation at a distance d min , d k is the distance between the k-th terminal and the BS, and α is the path loss exponent.
] is the small-scale fading vector of the k-th terminal to the antenna array at the BS, and g k,m ∼ CN(0, 1). Similar to [14] , power compensation at K terminals is considered to make sure an equal gain p k β k = 1 at the BS. V∈C M ×τ denotes the additive Gaussian noise matrix with power spectral density δ 2 .
We adopt the least-squares (LS) method to estimate channels. The channel estimateĥ k of the k-th terminal at the BS isĥ
where ϕ LS,k = φ T k . This estimate shows how the desire channel information is polluted by undesired channels in the pilot-contamination regime (τ < K ) [22] .
III. DOWNLINK TRANSMISSION
For the N users assisted by relays, in the first time slot of the downlink transmission phase, the BS broadcasts a signal to the N relays. In the second time slot of the downlink transmission phase, each relay amplifies the received signal and then forwards the amplified signal to its associated user. For the direct users, in the downlink transmission phase, they only receive the signal from the BS in the first time slot. This facilitates the description of the signal transmission process in the downlink transmission phase. Utilizing the estimated CSI at the BS, linearly precoded signals are formed and simultaneously transmitted to K terminals in the first time slot of the downlink transmission phase. Here K terminals also include K-N direct users and N relays. The signal received at the k-th terminal is
where p k (k = 1, 2 . . . K ) is transmit power assigned by the BS to the k-th terminal. For simplicity, uniform power allocation p k = P K is adopted in this paper, where P is the total transmit power of the BS. w j is a linear precoding vector, x j denotes uncorrelated zero-mean data symbols and E x j 2 = 1, n k is the additive Gaussian noise vector with power spectral density δ 2 n . As in [22] , we design the precoding vector as w k =ĥ k / M K j=1 ρ 2 ij + δ 2 , where the denominator ensures that w j has unit 2-norm as M → ∞.
Assuming that channel estimates are available at the BS and only channel statistic E g H k w k is known by the k-th terminal [12] . Following this, the received signal in (3) is recast as (4) , shown at the top of the next page, where the second part can be regarded as the effective noise which is uncorrelated with the first part.
In the second time slot of the downlink transmission phase, the received signal is normalized firstly at each of the N relay stations and then forwarded to its user. The received signal at the i-th user is
where s
, p r,i is transmit power of the ith RS, and
is channel coefficient between the RS and its user. Part 1 is the useful signal and part 2 is the total interference signal of the other RSs. z i denotes the noise received at the i-th UE, with variance δ 2 z .
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A. SYSTEM CAPACITY The SINR of the received signal at a user associated with the BS directly and the SINR of the received signal at a user associated with the BS through assistance of a RS can be separately expressed as
where
The system capacity is
where B is the system bandwidth.
B. POWER CONSUMPTION MODEL
Typically, the power consumption for a system comprises radiated power, circuit power and power consumed for signal processing. In this paper, we ignore the receiver power consumption at all terminals for simplicity. At the BS, let µ 1 be the circuit power consumption at each antenna, and µ 2 be the power consumption attached to signal processing for each terminal in the first time slot. For AF relaying, we ignore the power consumed in signal processing, and denote µ 3 as the circuit power consumption at each RS. The power consumption at the BS and N RSs are given respectively by
where ϑ 1 is the efficiency of the BS power amplifier, and ϑ 2 is the efficiency of the RS power amplifier. Thus, the total power consumption of the system is
IV. ANALYSIS OF SYSTEM SE AND EE
The SE and EE of the downlink relay-aided massive MIMO cellular network can be expressed as
In the following, we firstly analyze the effect of number of antennas at the BS on downlink transmission, and then solve the SE-EE tradeoff problem with power control.
A. EFFECT OF NUMBER OF ANTENNAS ON EE
From (12) and (13), we can see that M simultaneously affects SE and P total . SE always increases with M . P total also increases linearly with M . There is an optimal number of antennas M * based on the proposed EE framework.
Proposition 1: The EE function with the number of antennas M at the BS is strictly quasi-concave. There always exists a unique globally optimal M * . Furthermore, η EE either strictly decreases with M or first strictly increases and then strictly decreases with M .
Proof: From (12), we can derive the first and the second derivatives of η SE with regard to (w.r.t) M . The first derivative is positive and the second derivative is negative. So η SE is a strictly concave function. Moreover, P total is an affine function w.r.t M . As a result, η EE is strictly quasi-concave. There always exists a unique globally maximum, and a local maximum is also globally optimal [23] .
We can obtain the monotonicity of η EE through investigating the asymptotic property of η EE . First, it would be easy As η EE is supposed to be positive and strictly quasi-concave, we can conclude that η EE either first strictly increases and then strictly decreases with M or strictly decreases with M . The proof is complete.
In this paper, we adopt a bisection searching algorithm to solve the above problem as in [24] : optimal M , optimal P and p r can be obtained by solving a set of concave feasibility problems, respectively.
B. SE-EE TRADEOFF
When relay is introduced into the massive MIMO system, the deployment of RSs, such as the transmit power of each RS, the number, the position should be concerned and studied. In this paper, we focus on power allocation to solve the SE-EE tradeoff problem. Specifically, the SE-EE tradeoff is achieved by joint optimization over P and p r to maximize EE while keeping the SINR of each user above a threshold and satisfying the maximum transmit power constraints of both the BS and RSs. The optimization problem can be formulated as
whereP is the maximum transmit power at the BS,p r is the maximum transmit power at each RS, and SINR 0 is the minimum SINR requirement of all users. The alternating optimization algorithm is adopted to achieve joint optimization over P and p r . To elaborate a little further, we firstly optimize P for a fixed p r and then optimize p r for a fixed P. By using the separate optimization results, we then consider the joint optimization. We propose ODS and AOP methods to solve the optimization problem in (14) .
Optimization Over P for a Fixed p r : Given p r , the optimization over P can be formulated as
From (6) and (7), it is easy to find that the transmit power P at the BS affects both SINR k and SINR i . Hence, there are two sets of solution about P through solv-
Since the signals received at RSs are normalized in the second hop of downlink transmission, the transmit power at the BS P mainly affects the K-N users associated with the BS directly. Thus, the optimization problem in (15) can be further simplified as
To determine the minimal transmit powerP required at the BS, we can solve the equations SINR k = SINR 0 k = N + 1, . . . , K , and letP = max P N +1 , . . . ,P K . From the inequality constraint SINR 0 0, we have P 0. Moreover, from (12) , it is easy to prove that SE increases with P for P ∈ [0, +∞). Therefore, the inequality constrains SINR k SINR 0 k = N + 1, . . . , K hold when p p 0. For the constraints 0 P P and p p 0, there exists at least one feasible solution to the optimization problem (16) , and if 0 p P , the feasible set is P ∈ p,P . Otherwise, there is no solution.
Proposition 2: The EE function with transmit power of the BS P is strictly quasi-concave. There always exists a unique globally optimal P * , and η EE either strictly decreases with P or first strictly increases and then strictly decreases with P.
According to the above proposition, when 0 p P , there exist three cases of η EE versus P for P ∈ [P,P].
Case 1: if dη EE /dP(P =P) 0, η EE strictly increases with P for P ∈ P ,P . Then the optimal solution P * =P is achieved for the optimization problem (16) .
Case 2: if dη EE /dP(P =P) 0, η EE strictly decreases with P for P ∈ P ,P . Then the optimal solution P * =P is achieved.
Case 3: if dη EE /dP(P =P) 0 and dη EE /dP(P =P) 0, η EE first strictly increases and then strictly decreases with P for P ∈ P ,P . The optimal solution P * can be obtained through solving dη EE /dP = 0.
Optimization Over p r for a Fixed P: Given P, the optimization over p r can be formulated as
It is known that the transmit power p r at each RS only affects SINR i . So the optimization problem in (17) can be further simplified as
Solving the equations SINR i = SINR 0 i = 1, . . . , N , and letp r = max p r,1 , . . . ,p r,N , we can determine the minimal transmit powerp r required at each RS. From the inequality constraint SINR 0 0, we have p r 0. Moreover, from (12) , it is easy to prove that SE increases with p r for p r ∈ [0, +∞). (18) , and if 0 p r p r , the feasible set is p r ∈ p r ,p r . Otherwise, there is no solution.
Proposition 3: The EE function with transmit power at each RS p r is strictly quasi-concave. There always exists a unique globally optimal p * r , and η EE either strictly decreases with p r or first strictly increases and then strictly decreases with p r .
According to the above proposition, when 0 p r p r , there exist three cases of η EE versus p r for p r ∈ p r ,p r .
Case 1: if dη EE /dp r (p r =p r ) 0, η EE strictly increases with p r for p r ∈ p r ,p r . Then the optimal solution p * r =p r is achieved for the optimization problem (18) .
Case 2: if dη EE /dp r (p r =p r ) 0, η EE strictly decreases with p r for p r ∈ p r ,p r . Then the optimal solution p * r =p r is achieved.
Case 3: if dη EE /dp r (p r =p r ) 0 and dη EE /dp r (p r = p r ) 0, as p r grows larger, η EE first strictly increases and then strictly decreases. The optimal solution p * r can be achieved through solving dη EE /dp r = 0.
ODS: Firstly, we enumerate all the values of P inP ∼P and achieve the corresponding optimal solution to the problem (18) . To get the optimal solution to problem (14) , then, by comparing all possible solutions to the problem (18), the highest EE can be achieved.
AOP: We can alternately solve the optimization problems (16) and (18), and let the output of one optimization be the input of the other until convergence. The procedure is listed in Table 1 . 
V. SIMULATION RESULTS
In this section, we use MATLAB simulations to validate performance of the proposed algorithms in Section III and illustrate the impact of pilot contamination on system design. In our simulation scenario, a cellular cell with radius 900 m and relays located in 2/3 radius are considered. Monte Carlo simulations with uniform distribution of users and random small-scale fading are conducted. The simulation parameters are specified in Table 2 that are inspired by [15] , [21] , and [25] . Fig. 2 illustrates the trends of system SE and EE with M and shows the impact of the number of RSs on system design. For comparison, system SE and EE performance without pilot contamination are also given. Fig. 2(a) shows system SE and EE performance under pilot contamination versus number of antennas M at the BS with different number of RSs. From the figure, we can see that the system SE is nondecreasing with number of antennas M at the BS, whereas the system EE first rapidly increases and then slowly decreases with the number of antennas. There exists an optimal value M * that maximizes the system EE. There are distinct gaps among the SE and EE achieved by deploying different number of RSs. A few RS deployment is beneficial for system SE and EE. The benefit disappears with excessive relay deployment which mainly due to that the increase of energy consumption is faster than the increase of SE and lead to EE reduction. In this paper, the optimal deployment of RSs (such as the number, the location, etc) is not included which should be treated as a subject for future work. Fig. 2(b) shows the performance of system SE and EE versus the number of antennas M at the BS without pilot contamination. By comparison, pilot contamination has significant effect on system performance. The advantage of relay deployment is greater without pilot contamination. The reason is that it introduces new interference among the RSs besides pilot contamination in the second hop and makes interference deepen. So it is of great significance to eliminate pilot contamination in our system.
A. SYSTEM SE AND EE PERFORMANCE VERSUS NUMBER OF ANTENNAS M AT THE BS
Next we examine the effects of transmit power P of the BS and transmit power p r of each RS on system SE and EE for different levels of pilot contamination. Here we define u = K /τ − 1 to show the level of pilot contamination. Fig. 3(a) shows the system EE and SE versus transmit power P at the BS. We can see that SE always increases with P, however, as pilot contamination gets worse, the growth slows down. Meanwhile, the system EE first increases sharply and then decreases. There exists an optimal transmit power at the BS to maximize EE which agrees well with theoretical analysis. There are obvious gaps both for the EE and SE with different levels of pilot contamination. Fig. 3(b) shows system EE and SE versus transmit power p r of each RS. Unlike the results shown in Fig. 3(a) , the transmit power of each RS has no significant impact on system EE and SE. It is because the RSs employ AF protocol in downlink transmission that the desired signal and interfering signal are amplified at the same time. Even so, it is important to find the optimal transmit power p * r from the perspective of maximizing system EE. Again, we can see that the system performance is strongly influenced by pilot contamination. There are clear gaps among the EE or SE with different levels of pilot contamination. Fig. 4 shows the optimal transmit power p * r of each RS versus transmit power P at the BS. If not specified, here the minimum SINR requirement is set to SINR 0 = 4.7496e-3. The range of P ∈ [P,P] is determined by the constraint condition in (16) . The exhaustive searching method is used in the range of p r ∈ [p r ,p r ] to find the optimal value p * r that achieves the maximum EE. As shown in Fig. 4 , the effectiveness of the proposed algorithm is verified by the simulation results. The optimal transmit power p * r of each RS decreases with transmit power P at the BS, with or without pilot contamination, which indicates that the boost of transmit power of the BS helps decrease transmit power of each RS. 
B. EE-SE TRADEOFF
If not specified, here the minimum SINR requirement is set to SINR 0 =4.7496e-4. Fig. 5 shows the EE-SE tradeoff obtained by joint optimization over P and p r versus different number of antennas M at the BS with or without pilot contamination. For comparison, three methods are adopted to find the solution to the optimization problem: 1) 2-D searching (TDS) over P and p r ; 2) ODS introduced in Section III; and 3) AOP introduced in Section III. Fig. 5(a) shows that the optimal SE always increases with M . However, the optimal EE first increases and then decreases and reaches its maximum at M ≈ 50. One can also see that the optimal SE obtained by ODS and TDS methods are exactly the same, but there is a gap between the result obtained by AOP method and results of the two previous methods. The optimal EE is more sensitive to the three different algorithms. The AOP method has the lowest computational complexity. Meanwhile, its effectiveness is the weakest. Considering the effectiveness of algorithms and complexity, the ODS method is the best. When the number of antennas reaches a certain value, the results of the three algorithms move closer as the number of antennas continues to grow. Fig. 5(b) shows EE-SE tradeoff with pilot contamination. We can see that pilot contamination makes the optimal SE increase slower and the optimal EE drops faster after reaching its maximum. So the joint optimization over P, pr, and M , along with pilot contamination should be the subject for future study.
VI. CONCLUSIONS
In this paper, we consider a relay-aided massive MIMO cellular network. The closed-form expressions of system SE and EE for downlink single-cell multi-user multi-relay massive MIMO transmission with pilot contamination were obtained. The number of antennas at the BS was optimized based on system EE maximization.
Meanwhile we investigated the tradeoff between SE and EE of this new communication scenario. Specifically, the tradeoff takes into account the constraints of maximum transmit power at both the BS and RSs, and the minimum VOLUME 4, 2016 signal-to-interference-plus-noise ratio (SINR) requirement, so as to maximize the system EE. The problem was solved by joint optimization over the transmit power of the BS P and the transmit power of each RS p r . The ODS and AOP methods were proposed with different levels of computational complexity. Simulation results validate the effectiveness of the proposed design. 
